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A new composite photocatalyst AgBr/BiOBr was prepared by loading AgBr on a BiOBr substrate via deposition-precipitation and 
characterized by X-ray diffraction, scanning electron microscopy, high-resolution transmission electron microscopy and UV-vis 
diffuse reflectance spectroscopy. The as-prepared AgBr/BiOBr comprised face-centered cubic AgBr and tetragonal BiOBr parti-
cles. The average crystalline sizes of AgBr in the AgBr/BiOBr composites were less than 28.5 nm. The absorption edges of AgBr/ 
BiOBr in visible-light region had a red shift with increasing AgBr content. Photocatalytic degradation of methyl orange results 
show that the AgBr/BiOBr composites could degrade methyl orange efficiently under visible-light irradiation (>420 nm). The 
optimal molar percentage of AgBr was 50 mol% with corresponding maximum kapp of 0.00619 min
1. Active ·O2 played a major 
role for methyl orange degradation while h+ and ·OH had little effect on the photocatalytic process. The enhancement of photo-
catalytic activity of AgBr/BiOBr is mainly ascribed to the heterojunction effect between AgBr and BiOBr. 
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Semiconductor photocatalysis has been widely investigated 
for its potential application in environmental protection and 
solar energy transformation. At present, TiO2 is expected to 
be one of the most valuable photocatalysts due to its oxida-
tive, chemically stable, economical and non-toxic charac-
teristics [1–4]. However, the restricted visible-light absorp-
tion limits its development, which drives us to search for 
visible-light-induced photocatalysts via two ways, including 
modification of TiO2 [5–10] and exploitation of new non- 
titania-based visible-light photocatalysts [11–14]. 
BiOX (X=Cl, Br, I) as a significant layer-structured semi-     
conductor has attracted much attention for its visible-light 
response. Various synthesis methods leading to BiOX have 
been reported, such as hydrothermal [15–18], transformation 
from NaBiO3 [19], hydrolysis [20], homogenous deposition 
[21] and reverse microemulsions [22], which displayed dif-
ferent photoactivities of BiOX. Homogenous deposition is a 
simple way for the preparation of BiOX that has a plate 
structure, with high surface area, which facilities the ad-
sorption of dyes and photocatalytic processes. Nowadays, in 
order to further improve the photoactivity of BiOX, BiOX- 
based composites have been constructed and adopted, such 
as BiOI/TiO2 [23], AgI/BiOI [24], BiOI/Bi2O3 [25], 
NaBiO3/BiOCl [26], Fe3O4/BiOCl [27], BiOCl/Bi2O3 [28] 
and WO3/BiOCl [29]. The synthesis of BiOX-based com-
posites is very important for the development of highly effi-
cient visible light photocatalysts. 
AgBr is an important semiconductor widely used as a 
photosensitive material in photography and as a photocata-
lyst for the degradation of pollutants or destruction of bac-
teria [24,30–44]. Compared with BiOBr [18], AgBr [45] has 
a narrower band gap and higher visible-light absorption. 
Moreover, the two materials have matching energy band 
structures, according to the data reported in the literature 
[18,44], and which can effectively separate photogenerated 
electrons and holes to achieve enhanced photoactivity  
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relative to that of either AgBr or BiOBr. However, little 
work has been reported for AgBr/BiOBr [46] heterojunction 
composites. 
Therefore, in this paper, we attempt to prepare a AgBr/ 
BiOBr composite catalyst using a simple deposition-precipi-     
tation approach, investigate the photoactivity for the degra-
dation of methyl orange (MO) under visible-light irradiation 
(>420 nm) and ascertain the optimal content of AgBr in 
AgBr/BiOBr. In addition, the probable reaction mechanism 
for the degradation of MO with AgBr/BiOBr was studied by 
exploring the roles of active species and discussing the 
electrons and holes separation approach in detail. 
1  Materials and methods 
1.1  Chemicals and materials 
All reagents were of analytical purity and were used without 
further purification. Silver nitrate (AgNO3), sodium bro-
mide (NaBr), bismuth nitrate (Bi(NO3) 3·5H2O), ammonia 
solution, methyl orange (MO), terephthalic acid (TA), ben-
zoquinone (BQ), isopropanol (IPA), ammonium oxalate (AO), 
sodium hydroxide (NaOH) and glacial acetic acid (HAc) 
were obtained from Sinopharm Chemical Reagent Co., Ltd, 
China. Deionized water was used throughout this study. 
1.2  Preparation of AgBr/BiOBr photocatalyst 
BiOBr was prepared in advance. 1.590 g of Bi(NO3)3·5H2O 
was dissolved in 200 mL deionized water and the pH value 
adjusted to 1.96 with HAc, then 0.339 g of NaBr dissolved 
in 20 mL deionized water was added to the Bi(NO3)3 solu-
tion dropwise with stirring. After stirring for 30 min, the pH 
value of the reaction solution was adjusted to 3.0 using 
ammonia water. The resulting solution was then kept at 
85°C with stirring for 12 h. Finally, the BiOBr precipitates 
were collected, washed and dried at 80°C in air. 
AgBr/BiOBr was synthesized by deposition-precipitation. 
The 1.000 g of BiOBr was dispersed in 100 mL deionized 
water and sonicated for 20 min. 0.056 g of AgNO3 in 20 mL 
deionized water was added to the BiOBr suspension with 
magnetic stirring applied for 30 min. Subsequently 0.034 g 
of NaBr in 50 mL of deionized water was added dropwise 
to the mixed solution. The resulting suspension was vigo-     
rously stirred for 1 h. Finally the product was filtered, washed 
with deionized water several times and dried at 65°C for  
24 h. AgBr/BiOBr with 10 mol% of AgBr was obtained. 
Samples with different AgBr contents (from 10 mol% to  
60 mol%) were also prepared to investigate the effects of 
composition on photocatalytic performance. 
1.3  Characterization of the AgBr/BiOBr photocatalyst 
The powder X-ray diffraction (XRD) analysis of the as- 
prepared catalyst was carried out with a Bruker D8 Advance 
X-diffractometer using Cu K radiation (=1.5406 Å), ope-      
rated at 40 kV and 30 mA. Scanning electron microscopy 
(SEM) measurements were recorded on a Sirion200 instru-
ment at a scanning voltage of 5.00 kV. High-resolution 
transmission electron microscopy (HRTEM) was carried out 
on a JEOL JEOL-2010 with 200 kV accelerating voltage. 
The UV-vis diffuse reflectance spectra (DRS) were ob-
tained by a Pgeneral TU-1901 UV-VIS spectrophotometer 
equipped with an integrating sphere assembly. The analysis 
range was from 300 to 700 nm and BaSO4 was used as a 
reflectance standard. 
1.4  Photocatalytic activity tests 
The photocatalytic activities of AgBr/BiOBr were evaluated 
by the photodegradation of MO under irradiation of visible- 
light (>420 nm) in a photoreaction apparatus. A 500 W Xe 
lamp (Institute of Electric Light Source, Beijing, China) was 
used as the light source with a 420 nm cutoff filter (Instru-
ment Company of Nantong, China) to provide visible-light 
irradiation. In each experiment, 0.10 g of photocatalyst was 
added to 50 mL of MO solution (10 mg/L). Prior to illumi-
nation, the suspension was magnetically stirred in the dark 
for 20 min to reach adsorption-desorption equilibrium of 
MO on the catalyst surface. At irradiation time intervals of 
30 min, 5 mL of the suspension was collected, then centri-
fuged (4000 r/min, 30 min) to remove the photocatalyst 
particles. The catalyst-free MO solution was analyzed with 
a 722s spectrophotometer (Shanghai Precision and Scien-
tific Instrument Company, China), with the concentration of 
MO being determined from its maximum absorption at a 
wavelength of 464 nm using deionized water as a reference 
sample. 
Experiments to examine the reactions of active species 
(h+, ·OH and ·O2) were similar to those used for photo-
degradation. Different scavengers were introduced into the 
MO solution prior to the addition of the catalyst. In addition, 
the terephthalic acid (TA) photoluminescence probe 
technique was also used in the detection of ·OH radicals. 
In the detection experiment, a basic TA solution was added 
to the reactor instead of MO and the concentration of TA 
was set at 5×104 mol/L in 2×103 mol/L NaOH solution. 
The sample collected every 60 min was measured on a 
JASCO FP-6500 type fluorescence spectrophotometer after 
centrifugation, using an excitation wavelength of 315 nm. 
2  Results and discussion 
2.1  Characterization of AgBr/BiOBr 
(i) XRD analysis.  Figure 1 shows the XRD patterns of the 
as-prepared samples. It is observed that all the peaks of the 
pure AgBr were indexed to (111), (200), (220), (222), (400) 
and (420) peaks, coinciding with the standard face-centered 
cubic AgBr phase (JCPDS NO. 06-0438) while (001), (101),  
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Figure 1  XRD patterns of BiOBr, AgBr/BiOBr and AgBr. 
(102), (110), (112), (200), (212) and (310) peaks of BiOBr 
belonged to tetragonal BiOBr (JCPDS NO. 78-0348), re-
spectively. In addition, the AgBr/BiOBr composite exhibit-
ed coexisting phases of AgBr and BiOBr. With increasing 
amounts of AgBr in AgBr/BiOBr, the peak intensities of 
AgBr increased gradually while those of BiOBr decreased 
slightly. The average crystalline sizes of AgBr in the AgBr/ 
BiOBr composites were calculated to be 20.0, 27.0 and 28.5 
nm for 10 mol%, 30 mol% and 50 mol% AgBr/BiOBr, re-
spectively, according to the Scherrer formula [47]. Further-
more, no other impurity was detected, which suggests that the 
AgBr/BiOBr sample is composed only of AgBr and BiOBr. 
(ii) SEM and TEM analysis.  The SEM images of AgBr/ 
BiOBr (Figure 2) show that the BiOBr substrate comprised 
a flower-like 3-D aggregate shape with particle sizes of 5– 
10 m, as reported elsewhere [17]. The enlarged micro-
structure displays the lamellar structure of BiOBr. Com-
pared with single BiOBr, the deposited AgBr with irregular 
shapes on the surface of BiOBr filled in the gaps of the  
petals, which may facilitate the close contact of AgBr with 
BiOBr and the efficient transfer of the photoinduced carriers 
at the AgBr-BiOBr interface. 
Figure 3(a) shows that 50% AgBr/BiOBr had an irregular 
lamellar microstructure. Figure 3(b) displays the HRTEM 
image of 50% AgBr/BiOBr. The crystal lattice of BiOBr 
and AgBr can be clearly discerned in the HRTEM image of 
50% AgBr/BiOBr. It can be seen that three sets of lattice 
images are found with d spacings of 0.161 and 0.228 nm, 
corresponding to the (212) and (122) planes, respectively, of 
tetragonal BiOBr, while the d spacing of 0.145 nm can be 
indexed to the (400) plane of AgBr. This result confirms 
that the AgBr/BiOBr heterojunction was formed in the 
composite. 
(iii) DRS analysis.  Figure 4 shows the DRS of the AgBr, 
BiOBr, and AgBr/BiOBr samples. As can be seen, BiOBr 
had an absorption edge at about 460 nm, while AgBr had 
broader absorption in the visible region with an absorption 
edge of around 505 nm. The absorption edges of AgBr/ 
BiOBr were located in the range of 460–505 nm and had a  
 
Figure 2  SEM images of BiOBr (a) and 50% AgBr/BiOBr (b). 
 
Figure 3  TEM image (a) and HRTEM image (b) of 50% AgBr/BiOBr. 
monotonic red shift with increasing AgBr content in the 
AgBr/BiOBr, which suggests that considerable visible light 
can be absorbed by AgBr/BiOBr. 
Moreover, the band gap energy of a semiconductor can 
be calculated by eq. (1) [48,49]:  
   /2g ,nhv Ehv A   (1) 
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Figure 4  DRS of AgBr, AgBr/BiOBr and BiOBr. 
where α, h, ν, Eg and A are the absorption coefficient, the 
Planck constant, light frequency, band gap energy, and a 
constant, respectively. Among them, n is determined by the 
type of optical transition of a semiconductor. The value of n 
for BiOBr is taken as 4, and also for AgBr, due to their in-
direct transition characteristics. Therefore, the Eg values of 
BiOBr and AgBr can be determined from a plot of (αhν)1/2 
versus energy (hv), as shown in Figure 5, and were found to 
be 2.60 and 2.39 eV, respectively. 
In addition, the valence band (VB) and conduction band 
(CB) edge position of a semiconductor can be estimated 
according to the following formulae [21]: 
 eVB g0.5 ,E X E E    (2) 
 CB VB g ,E E E   (3) 
where EVB is the VB edge potential, X is the electronegativ-
ity of the semiconductor, which is the geometric mean of 
the electronegativity of the constituent atoms, Ee is the en-
ergy of free electrons on the hydrogen scale (about 4.5 eV). 
Therefore, the EVB of BiOBr and AgBr were calculated as 
2.98 and 2.50 eV, respectively. Thus, the ECB of BiOBr and 
AgBr were estimated to be 0.38 and 0.11 eV, separately. 
Therefore, BiOBr and AgBr had matching band potentials,  
 
Figure 5  Plot of (hv)1/2 versus energy (hv) for the band gap energies of 
AgBr and BiOBr. 
which facilitated the separation of photogenerated electrons 
and holes. 
2.2  Photocatalytic activity of AgBr/BiOBr  
photocatalyst 
The photocatalytic activities of as-prepared samples were 
evaluated by the degradation of MO under visible-light ir-
radiation. Figure 6 reveals that pure BiOBr had weak pho-
tocatalytic activity after 180 min irradiation whereas AgBr/ 
BiOBr presented a higher photocatalytic activity for the 
degradation of MO under visible-light irradiation. The deg-
radation efficiency of MO increased quickly until the AgBr 
content rose to 50% and then decreased, which suggests that 
optimal AgBr content was 50% in AgBr/BiOBr. The pho-
tocatalytic activity of AgBr/BiOBr changed with AgBr con-
tent can mainly attribute to the role of heterojunction formed 
between AgBr and BiOBr. When the AgBr content is low, 
the amount of AgBr/BiOBr heterojunction is not sufficient 
to separate the photogenerated electrons and holes, which 
leads to a slow increase in photocatalytic activity, while in 
the case of excessive AgBr content, the dispersion of AgBr 
became worse, and the interfaces and heterojunction struc-
tures between AgBr and BiOBr particles decreased. As a 
result, the interfacial charge transfer was suppressed and the 
photocatalytic activity was lowered. In addition, the in-
crease of AgBr content effectively improved the utilization 
of visible light, which raised the photocatalytic activity of 
AgBr/BiOBr. On the base of the synergetic effect of hetero-     
junction and light absorption, 50% AgBr/BiOBr exhibits the 
best photocatalytic activity for MO degradation. 
Based on the Langmuir-Hinshelwood (L-H) kinetics model 
[48,50–52], the photocatalytic process of MO can be ex-
pressed as [50] 
   app0ln ,k tC C   (4) 
where kapp is the apparent pseudo-first-order rate constant 
(min1), C is the MO concentration in aqueous solution at 
time t (mg/L) and C0 is the initial MO concentration (mg/L). 
The maximum kapp of MO degradation was 0.00619 min
1,  
 
Figure 6  Effect of AgBr content on the degradation efficiency of MO. 
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obtained over the 50% AgBr/BiOBr photocatalyst. 
In order to display the combined role of AgBr/BiOBr for 
the enhancement of photocatalytic activities, comparative 
photocatalytic experiments were also carried out using dif-
ferent photocatalysts with the same mass of active compo-
nent, such as BiOBr and AgBr. Figure 7 shows that the cor-
responding values of kapp for MO degradation were 0.00025, 
0.00372 and 0.00619 min–1 for BiOBr, AgBr and 50% 
AgBr/BiOBr, respectively. Furthermore, the photocatalytic 
activity of AgBr/BiOBr was obviously higher than that of 
the sum of AgBr and BiOBr, which further emphasizes the 
role of the heterojunction between AgBr and BiOBr.  
The repeated tests (Figure 8) were accomplished and 
showed that the photocatalytic activity of AgBr/BiOBr ob-
viously declined. The used catalyst became a little darker 
than the fresh catalyst, which indicates that metallic silver 
was formed in the used AgBr/BiOBr. This phenomenon has 
also been observed in previous studies [34,38,39]. The XRD 
pattern of used AgBr/BiOBr (inset of Figure 8) shows that 
the crystal structures of AgBr and BiOBr are well main-
tained and no silver peaks are found at 38.16° and 44.07°. 
However, the trace amount of silver formed has affected the 
photocatalytic activity of AgBr/BiOBr. Further experiments 
should be executed to improve the stability of AgBr/BiOBr. 
For example, the decrease in the grain size of AgBr may 
facilitate the transfer of electrons and holes to the surface of 
AgBr, which will reduce the reaction probability between 
electrons and interstitial silver ions. 
2.3  Possible photocatalytic mechanism 
In the photocatalytic oxidation (PCO) process, electron-hole 
pairs are directly produced by photocatalyst after illumination. 
Subsequently, a series of photoinduced main active species 
including h+, ·OH and ·O2 are suspected to be involved in 
the photocatalytic reaction. At present, different ways have 
been developed to detect these active species. In general, 
terephthalic acid (TA) combined with photoluminescence 
(PL) technique can be used as a molecular probe to detect  
·OH radicals. The PL emission spectra excited at 315 nm  
 
Figure 7  Effect of the combined role of AgBr and BiOBr on the kapp of MO. 
 
Figure 8  Stability of AgBr/BiOBr for the degradation of MO. Inset: 
comparison of XRD patterns of fresh and used 50% AgBr/BiOBr. 
from TA solution were measured every 60 min of illumina-
tion and the results are shown in Figure 9. It can be seen 
that no PL signal at about 425 nm was observed with in-
creasing irradiation time, which demonstrates that no ·OH 
radicals were formed during the PCO process and confirms 
that ·OH radicals are not the dominant active species. 
In order to further evaluate the effect of the other active 
species, a series of quenchers were introduced to scavenge 
the relevant active species. As an ·OH scavenger, isopro-
panol (IPA) was added to the reaction system [39], ammo-
nium oxalate (AO) was introduced as the scavenger of h+ 
[53] and benzoquinone (BQ) was adopted to quench ·O2 
[39]. The concentration of scavengers used in this study was 
0.1 mmol/L. Control experiment was carried out without 
quenchers under otherwise identical conditions. 
The results of MO degradation efficiencies found with 
different quenchers are shown in Figure 10. AO and IPA 
did not obviously affect the kapp of MO degradation through-
out the experiments, which demonstrates that h+, as well 
as ·OH, are not the active species involved in the PCO 
process. However, after the addition of BQ, the kapp decreased 
 
Figure 9  ·OH trapping PL spectral changes observed during irradiation 
of AgBr/BiOBr in TA solution (excitation at 315 nm). 
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markedly, which shows that ·O2 is the dominating active 
species for AgBr/BiOBr system. The generation of ·O2 may 
be via a photogenerated electron reacting directly with O2 
adsorbed on the surface of the catalyst AgBr/ BiOBr. 
Based on the band gap structure of as-prepared AgBr/ 
BiOBr and the effects of scavengers, a possible pathway for 
the enhancement of photocatalytic activity of AgBr/BiOBr 
and photocatalytic degradation of MO was proposed as fol-
lows (Figure 11): under visible-light irradiation (>420 nm), 
both AgBr and BiOBr can be simultaneously excited to form 
electron-hole pairs. Subsequently, photogenerated electrons 
transfer from the CB bottom of AgBr to that of BiOBr. At 
the same time, photogenerated holes move in the opposite 
direction from the VB top of BiOBr to that of AgBr. Through 
this process electron-hole pairs can be separated efficiently, 
which may improve the photocatalytic activity of AgBr/ 
BiOBr. After that, electrons accumulated on the side of BiOBr 
react with O2 adsorbed on the surface of catalyst to generate 
reactive ·O2 that finally leads to the degradation of MO.  
It is noted that the calculated VB potential of AgBr  
(2.50 eV) is more positive than the standard reduction po-
tential of ·OH/OH (2.38 eV) [24], but this result suggests 
that ·OH radical is not the key factor for the photocatalytic 
degradation of MO. Since the VB potential of AgBr is just 
around the ·OH/OH standard reduction potential, conside-     
ring the calculation method error of 0.2 eV [54,55], it  
 
Figure 10  kapp values of AgBr/BiOBr with different quenchers. 
 
Figure 11  Separation mechanism of photogenerated electrons and holes 
over AgBr/BiOBr under visible-light irradiation. 
appears that the over-potential is too small to oxidize OH 
into ·OH radical kinetically. In addition, the energy band 
matching of AgBr and BiOBr is the premise for the en-
hancement of AgBr/BiOBr, while the effect of the structure 
of the photocatalyst, such as crystalline structure, electron 
structure and surface structure, on the photocatalytic activity 
of AgBr/BiOBr needs to be investigated further. 
3  Conclusions 
AgBr/BiOBr was synthesized using a facile deposition- 
precipitation method. The as-prepared AgBr/BiOBr exhi-     
bited good performance for the degradation of MO and dis-
played much higher photocatalytic activity than either AgBr 
or BiOBr under visible-light irradiation (>420 nm). The 
maximum kapp of 0.00619 min
1 for the degradation of MO 
was obtained when the AgBr content was 50%. Photocata-
lytic mechanism investigations demonstrate that the degrada-
tion of MO over the as-prepared AgBr/BiOBr under visible- 
light irradiation proceeds mainly via an ·O2 oxidation pro-
cess. It may be a promising and efficient photocatalyst for 
environmental purification applications. The heterojunction 
formed between AgBr and BiOBr effectively separated the 
photogenerated electrons and holes, and further improved 
the photocatalytic activity of AgBr/BiOBr. 
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